In this paper we report the spectroscopic data for samples of 0.031% iron, 0.017% nickel, 0.01% chromium and 0.017% cobalt (molar) doped gallium lanthanum sulphide (GLS) glass. Photoluminescence (PL) with a full width half maximum (FWHM) of around 500 nm and peaking between 1120 nm and 1460 nm is observed when excited using wavelengths of 850 nm and 1064 nm. The emission lifetime for nickel-doped GLS at 300 K was measured to be 40 µs. Photoluminescence excitation (PLE) peaks for chromium-doped GLS at 700 nm and 1020 nm have been observed. By comparisons of our spectroscopic data to that of transition metals doped into other hosts we determine the oxidation states of the transition metal ions and propose transitions for the observed spectroscopic peaks.
Introduction
Over the past few decades silica optical fibre has revolutionised the way in which we communicate, allowing low cost, high-bandwidth transmission of data over long distances hence enabling millions of people around the world access to data resources like the World Wide Web. Although silica's exceptional low loss of <1 dB/km at 1.55 µ m A key component of telecommunications networks, the erbium-doped fibre amplifier (EDFA) is the most widely used optical amplifier and has allowed transmission of large data volumes using a number of channels at different wavelengths through dense wavelength division multiplexing (DWDM). However due to the limited gain bandwidth of the EDFA only a small fraction of the low-loss window of silica optical fibre is used in current telecommunication systems. Doping silica optical fibres with other rare earths could overcome this though problems associated with the vibrational structure of silica prevent its effective use as an amplifier medium when doped with ions such as praseodymium, thulium and dysprosium 3 . Another approach to accessing more of the low loss silica window is through using glasses doped with transition metals which have characteristically broad absorption and emission bands. However, the high phonon energy of silica glass results in emission from transition metal ions doped within it being quenched and leads to low quantum efficiencies. A family of glasses that may be suitable for such applications are those based on sulphur, selenium or telluride (the chalcogenide glasses). Chalcogenide glasses have low phonon energies due to the relatively large atomic mass of their constituent atoms. In particular gallium lanthanum sulphide (GLS) glass has a maximum phonon energy of 425 cm -1 , which gives it excellent infrared transmission up 10.1 µ m ( 50% transmission) 4 . This low maximum phonon energy enables emission from many transitions within active ion dopants such as transition metals which are weakly or no t at all observed in silica for example. Of particular interest are iron, nickel, chromium and cobalt which all exhibit broad infrared emission over the entire telecoms window leading to the possibility of a laser or optical amplifier for use in fibre optic communications, remote sensing and variety of medical, industrial and aerospace applications. Tuneable solid state lasers based on transition metal doped crystals have been demonstrated previously 5, 6 . However there are problems associated with producing active optical devices with these materials because in order to excite the transition metal ions and create a resonant cavity required to achieve lasing, optical systems must be designed and built using various components such as mirrors, filters, etc. Typically, the path length of the cavity is much longer than the gain region (i.e. length of the crystal) and so such devices are bulky, prone to thermal drift, and can be extremely difficult to align. Another problem is related to the short gain region that results in the need to use high pump energies. This creates heat that in many cases acts as an efficient non-radiative quenching mechanism. As a result of this the transition metal doped crystal host must be actively cooled which becomes critical when attempting to obtain lasing at longer wavelengths (e.g. 2-5 micron). Incorporating such cooling systems into these systems is non-trivial as changing temperature affects the alignment of the cavity. Additionally, such cooling systems tend to add further 'bulk' to the system. To overcome the issues associated with cavity alignment the use of a channel waveguide based system would be ideal, We have already demonstrated the ability to form low loss channel waveguides in GLS using a variety of techniques including direct UV and femtosecond laser writing 4 . Such systems would also allow highly efficient cooling due to the large active to non-active region ratio enhancing he ability to extract heat from the waveguide region. Such systems could also be significantly smaller than non-waveguide based devices. However, the formation of channel waveguide regions within crystals is in many cases not yet demonstrated and in those that have a nontrivial and expensive process, for example in Lithium Niobate 7 and Ti:Sapphire 8 . Finally, the ability to use channel waveguides as the active region allows a much high cross-section to be achieved thus significantly reducing the excitation energy required to achieve lasing. A highly compact device can be envisioned consisting of a inexpensive laser diode pump source coupled to a waveguiding gain region. In this paper we present spectroscopic data from iron, nickel, chromium and cobalt-doped GLS glass, our preliminary steps towards an amplifier and laser based on these promising materials.
Experimental
Samples of 0.031% iron, 0.017% nickel, 0.01% chromium and 0.017% cobalt (molar) doped GLS were prepared by mixing 65% gallium sulphide GaS x, (x=1-1.5), 30% lanthanum sulphide La 2 S 3 , 5% lanthanum oxide La 2 O 3 and the appropriate proportions of iron sulphide FeS, nickel sulphide NiS, chromium sulphide Cr 2 S 3 and cobalt sulphide CoS 2 in a dry nitrogen-purged glovebox. Gallium and lanthanum sulphides were synthesised in-house from high purity gallium and lanthanum metal in a flowing H 2 S gas system; the lanthanum oxide and vanadium sulphide were purchased from Merck and used without further purification. The glass was melted in a dry argon-purged furnace at 1150 o C for 24 hours before being quenched and annealed at 400 ºC for 12 hours. The glass was then cut into 5 mm thick slabs and polished on two parallel faces. Absorption spectra were obtained using a Varian Cary 500 spectrophotometer covering the 175-3300 nm spectral region. The system resolution was better than 0.5 nm in the UV-VIS and infrared region. The absorption spectra were obtained both with and without a reference sample as described in the text. Photoluminescence (PL) spectra were obtained using various laser excitation sources and dispersing the emission using a Bentham TMc300 monochromator. The dispersed emission was detected with a liquid nitrogen cooled InSb detector using standard phase sensitive detection. Low temperature PL spectra and emission lifetime measurements were carried out in an Oxford Instruments DN-V liquid nitrogen filled cold finger cryostat at 77 K. All spectra have been corrected for system response. Photoluminescence excitation (PLE) spectra were collected by placing a 1500 nm notch filter, with a full width half maximum (FWHM) of 20 nm, in front of the InGaS detector to select which wavelength of the emission was detected. To generate variable excitation energy a 250 W quartz halogen white light source was passed through the monochromator. The spectra were corrected for the varying intensity of exciting light (due to varying grating response and spectral output of the white light source) by measuring the excitation light with wavelengthcalibrated Newport 818-SL and 818-IG detectors and a Newport 1830-c optical power meter. Emission lifetime measurements were taken using a 1064 nm Nd:YAG laser modulated by an acousto-optic modulator (AOM). Emission was detected by a New Focus 2034 extended InGaS detector with a fall time of 5 µs.
Results
The transition metal compounds used to dope the GLS have the ions in the following oxidation states: Cr . These oxidation states may remain in the finished glass but are likely to change because of the high temperature and reducing atmosphere of the glass-melting process. All absorption spectra show the absorption the transition metal doped GLS and that of un-doped GLS for comparison. Figure 1 shows the absorption spectra of GLS doped with 0.01% chromium (molar) and un-doped GLS. Both are typical for GLS, showing a strong electronic absorption edge at around 500 nm, the chromium-doped sample shows a strong absorption peak at around 850 nm. The absorption of chromium-doped GLS has been investigated previously 9, 10 and similar results are reported, Brady cautiously attributed the absorption to Cr 4+ and Petrovich attributed it to Cr 2+ , Cr 3+ and Cr
4+
. The PLE spectra in figure 2 shows two peaks at 700 nm and 1020 nm, this indicates that the observed broad absorption peak is due to two transitions. The PL spectra in figure 3 shows emission peaking at 1120 nm and 1320 nm when excited at 850 nm and 1064 nm which equates to an energy difference 1353 cm -1 between the emission peaks, which could suggest that the emission is coming from two different levels. Figure 4 shows the PL spectra for Cr:GLS at 77 K and 300 K, excited at 1064 nm. The emission peaks at 1320 nm and 1545 nm for temperatures of 300 K and 77 K respectively. This effect has been observed previously but with a smaller magnitude for Cr 4+ -doped glasses 11, 12 An emission lifetime measurement for Cr:GLS was attempted and was found to be less than the response time of the system (5 µs). The 300 K emission lifetime for Cr:GLS has been measured previously 17 Figure 6 shows the absorption of Ni:GLS along with that of undoped GLS. The absorption of the nickel-doped sample peaks at around 1600 nm and is weak compared to the absorption of the chromium-doped sample, having a peak absorption coefficient of around 0.02 cm -1 compared to 1 cm -1 for chromium. The absorption bandedge of the nickeldoped sample is red-shifted in comparison to the undoped sample, indicating that there is a strong but unresolved absorption peak due to nickel ions in the bandedge region at around 500-600 nm. The absorption of nickel-doped GLS has been investigated previously and attributed to Ni 2+ 9 . 19 . Since a glass host like GLS has a more inhomogeneous local field environment than a crystal host like MgF 2 one would expect the absorption bands of a dopant ion to become broader in the glass host. We therefore propose that the weak absorption peak at 1600 nm is due to both the 3 A 2 ( 3 F) to 3 T 1 ( 3 F) and 3 A 2 ( 3 F) to 3 T 2 ( 3 F) transitions and the strong unresolved absorption peak at around 500-600 nm is due to the 3 A 2 ( 3 F) to 3 T 1 ( 3 P) transition. The PL spectrum for Ni:GLS in figure 7 peaks at 1350 nm with a FWHM of 420 nm and since it is of higher energy than any of the observed absorption is most likely due to the 3 T 1 ( 3 F) to 3 A 2 ( 3 F) transition. 
1/e emission lifetime. However, it is frequently observed that the emission lifetime of ion doped glasses is non-exponential in nature 20, 21 . This is due to the random network structure of glasses resulting in each ion experiencing a slightly different local crystal field. The varying local environment experienced by each ion results in varying decay rates from ion to ion. The overall emission decay is therefore a sum of these different exponential decay rates. This continuous distribution of lifetimes can be described by a stretched exponential decay 22 , which has the mathematical expression: Where p is the stretch parameter which describes the deviation from exponential behaviour. This stretched exponential was found to be the best fit for the emission decay of nickel-doped GLS, giving a 1/e lifetime of 40 µs and a stretch factor of 0.42. This compares to 400 µs for Ni Figure 9 shows the absorption of Co:GLS along with that of undoped GLS. The absorption of the cobalt-doped sample peaks at around 1400 nm. The absorption bandedge of the cobalt-doped sample is red-shifted in comparison to the undoped sample, indicating that there is a strong but unresolved absorption peak due to cobalt ions in the bandedge region. The absorption of cobalt-doped GLS has been investigated previously and attributed to Co 2+ 9 . The absorption of cobalt-doped gallium lanthanum sulphide oxide (GLSO) has been studied before and reveals an unresolved peak at around 650 nm 9 . By comparisons to cobalt-doped zinc chalcogenide crystals 23 we assign the unresolved peak to the 4 A 2 (F) to 4 T 1 (P) transition and the peak at 1400 nm to the 4 A 2 (F) to 4 T 1 (F) transition. The PL spectra for Co:GLS in figure 10 peaks at 1440 nm with a FWHM of 400 nm which also by comparison to 23 we assign to the 4 T 2 (F) to 4 A 2 (F) transition. Figure 9 . Absorption spectra of 0.017% cobalt-doped GLS and pure GLS Figure 10 . Photoluminescence of 0.017% cobalt-doped GLS at 300 K excited at 1064 nm Figure 11 . Absorption spectra of 0.031% iron-doped GLS and pure GLS. Figure 12 . Photoluminescence of 0.031% iron-doped GLS at 300 K excited at 1064 nm Figure 9 shows the absorption of iron-doped GLS along with that of undoped GLS. The absorption of the iron-doped sample is strong and broad with three peaks observed at 1.35 µm, 2.0 µm and 2.7 µm. . The PL spectra for iron-doped GLS in figure 12 peaks at 1460 nm with a FWHM of 430 nm. The peak positions and FWHM for the all photoluminescence spectra presented in this paper are given in 
Conclusions
In this paper we report spectroscopic data for samples of 0.031% iron, 0.017% nickel, 0.01% chromium and 0.017% cobalt (molar) doped gallium lanthanum sulphide (GLS) glass. Photoluminescence (PL) with a full width half maximum (FWHM) of around 500 nm and peaking between 1120 nm and 1460 nm is observed when excited using excitation wavelengths of 850 nm and 1064 nm. The emission lifetime for nickel-doped GLS at 300 K was measured to be 40 µs. Photoluminescence excitation (PLE) peaks for chromium-doped GLS at 700 nm and 1020 nm have been observed. By comparisons of our spectroscopic data to that of transition metals doped in other hosts we determine the oxidation state of the transition metal ions and propose transitions for the observed spectroscopic peaks. The long room temperature lifetime for nickel-doped GLS indicates the possibility of using this system to obtain laser action. However, further analysis in the form of excited state absorption and quantum efficiency measurements is needed to confirm this.
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